In studies by continuous flow electrophoresis the coumarin anticoagulant drug warfarin sodium was found to be bound solely to the albumin fraction of the plasma proteins. The interaction was studied in detail by equilibrium dialysis of solutions of crystalline human plasma albumin and warfarin sodium. Analysis of the data showed that albumin possesses a single strong binding site for warfarin with an association constant of 154,000 at 3° C and secondary classes of several sites with a much lower affinity. The free energy of binding for the first anion determined at 3° and 37° C was -6.54 and -7.01 kcal per mole, respectively. The standard enthalpy change for the interaction was -3.48 kcal per mole, and the entropy change was +11.2 U.
Introduction
In previous studies of the pharmacodynamics of the coumarin anticoagulant drug warfarin sodium in man (1), the drug was found to be almost wholly bound to the plasma proteins. When normal human plasma containing "4C-labeled war-*Submitted for publication October 3, 1966 ; accepted January 27, 1967 . Supported by grant HE-8058-04 from the National Institutes of Health. farin was subjected to paper electrophoresis, the radioactivity appeared to be confined to the albumin band. These studies, however, left two unresolved problems. First, because of the limited capacity of the electrophoretic system and the relatively low specific activity of warfarin, significant binding to the faster moving globulin fractions could not be ruled out. Second, many of the pharmacodynamic findings could be explained only if the interaction between warfarin and the plasma proteins were strong.
In the present investigation both in vitro and in vivo binding of warfarin sodium was deter-829 mined by continuous flow electrophoresis. The finding that warfarin was bound exclusively to the plasma albumin fraction led to further study of the binding process. The recent availability of crystalline preparations of human plasma albumin and warfarin sodium made it possible to examine their interaction by equilibrium dialysis. The results obtained in these experiments allowed calculation of the binding strength, the number and classes of binding sites, the free energy of binding, and the standard enthalpy and entropy changes. Based on these data, hypotheses are presented for the molecular basis of the warfarin-albumin interaction and for the pharmacodynamic characteristics of the drug.
Methods
Continuous flow electrophoresis 1 Determination of in vitro binding of warfarin to plasma albumin. Crystalline warfarin sodium was added to pooled normal human plasma to achieve a concentration of 200 mg per ml. The plasma-warfarin mixture was fed to a continuous flow electrophoretic apparatus at a rate of 1.4 ml per hour (2) . It was applied to the top of the curtain about one-third of the distance from the cathode toward the anode. Electrochromatography was then carried out at 1,900 v and 60 ma at 2.40 C in 0.0065 M ammonium acetate buffer at pH 6.9 for 21 hours. A total of 3.5 ml of plasma was used. Thirty-one fractions were collected in tubes at the bottom of the curtain. Each fraction was divided in half. One half was subjected to cellulose acetate electrophoresis and stained for protein; this technique will detect as little as 0.01 g of protein per 100 ml. The other half was analyzed for warfarin content (3) .
Determination of in vivo binding of warfarin to plasma albumin. Plasma was obtained from a subject with hereditary resistance to coumarin anticoagulant drugs (4) . At the time of study, the patient was receiving a maintenance dose of 145 mg of warfarin daily, and the concentration of warfarin in his plasma averaged 55 mg per L. The plasma disposition of warfarin in this patient is identical to that in normal subjects, both in the form of the drug present (unchanged warfarin) and the quantity bound to protein (97%o) (5). The plasma was added to a continuous flow electrophoretic apparatus at a rate of 1.4 ml per hour as described previously. Electrochromatography was carried out at 1,900 v and 85 ma at 3.20 C in 0.0065 M ammonium acetate buffer at pH 6.9.
The procedure required 3J hours, and a total of 4.9 ml of plasma was used. The fractions were then collected, divided, and analyzed as before. 1 Dr. Arthur Karler kindly performed the electrochromatographic studies.
Equilibrium dialysis
Methods. Human plasma albumin,2 prepared by repeated crystallization from Cohn Fraction V, was used in all experiments. By cellulose acetate electrophoretic analysis, the albumin was 100% pure. The water content of the albumin, evaluated by heating a small sample in an oven at 1100 C until a constant weight was obtained, was found repeatedly to be less than 1%; therefore, no correction for water content was required. The albumin was prepared in phosphate buffer, 0.067 mole per L, pH 7.4, in concentrations ranging from 0.1 to 5%.
Two forms of warfarin sodium were used: a clathrate prepared by repeated crystallization of amorphous warfarin sodium from isopropyl alcohol (91.2%o warfarin sodium), and an amorphous powder prepared by commercial methods (97.0%o warfarin sodium, with 3.15% loss on drying to a constant weight) (6).8 The concentration of warfarin sodium in 0.067 M phosphate buffer, pH -7.4, was varied over a 400-fold range (6.10 to 2,420 ,tmoles per L). When corrected for the difference in warfarin sodium content, the results obtained with the two forms of the drug did not vary significantly.
Dialysis bags were made from Visking cellophane casing (H9 inch). The casings were cleaned by continuous rinsing in a recycling bath of deionized water for 8 hours and could then be stored up to 10 days in deionized water at 40 C. Just before use the bags were washed repeatedly with deionized water, followed by the phosphate buffer; they were not allowed to dry. With this technique the optical density of blank buffer carried through a run at the maximal wavelength of warfarin was always less than 0.005.
Experimental. At equilibrium, the concentration of unbound warfarin on both sides of the membrane must be equal, and any increment of the drug in the protein compartment represents bound warfarin (7) . The concentration of free warfarin anion in equilibrium with bound anion was determined by measuring the drug concentration outside the dialysis bag. The method used for determining warfarin content (3) will detect concentrations as low as 5 Amoles per L and has an error of 2%. The amount of albumin-bound warfarin was determined by subtracting the free and bag-bound warfarin from the amount added initially. The accuracy of the method was verified in separate experiments with "C-labeled warfarin,4 in which the labeled warfarin inside and outside the dialysis bags was determined by liquid scintillation counting. The results obtained by the two methods at all concentrations of warfarin varied less than 1%. Whether the drug was added initially to the inside or outside of the dialysis bag had no effect on the percentage of warfarin bound to albumin.
To allow calculation of the thermodynamic functions of enthalpy (AH) and entropy (AS) for the binding process, we conducted all experiments at four different temperatures. Experiments at 30 and 150 C were conducted in a cold chamber, those at 270 C in a temperature-controlled room, and those at 370 C in a constant temperature water bath. All temperatures were maintained at less than ± 10 C variation. Since equilibrium was achieved rapidly (within 3 hours at 270 and 370 C and within 10 hours at 30 and 150 C), addition of preservatives or bacteriostatic agents was not required.
The binding constants for the interaction of warfarin and albumin were analyzed by means of the Scatchard equation for the law of mass action (7) : iv/A = kn -kV, where v is the molar ratio of bound warfarin to album n, A is the molar concentration of free warfarin at equilibrium, k is the average apparent association constant for the binding at each site, and n is the average maximal number of binding sites on the albumin molecule. The values of v/A plotted against v give a straight line when all the binding sites are independent and equivalent. Deviations from linearity can arise from interaction of the bound anions or from the occurrence of binding at more than one class of sites with different association constants (8) . As vF/A approaches zero as a limit, the intercept on the vP axis is n, and as v' approaches zero as a limit, the intercept on the i/A axis is kn, the classical association constant for the first anion bound (9) .
The standard free energy of binding (/AF0) was determined from the association constant (k) for the interaction by the general thermodynamic relationship AF = -RT In k, where R is the gas law constant and T the absolute temperature (9) . The association, was determined from a van't Hoff plot, where the logarithm of the association constant was expressed as a function of the reciprocal of the absolute temperature (10). The entropy change was determined from the thermodynamic relationship AF =AH -TAS (9) .
Results

Continuous flow electrophoresis
In the in vitro binding experiments albumin was found only in collecting tubes 12 through 21; in tubes 12 through 20 no globulin could be detected (Figure 1 ). The total amount of added warfarin was contained in tubes 13 through 20, with the highest concentrations in the tubes containing the highest concentrations of albumin. No warfarin was detected in the tubes that did not contain albumin.
In the in vivo binding experiments albumin was found only in collecting tubes 10 through 16; no globulin could be detected in any of these tubes ( Figure 2 Mmoles per L), the percentage of bound warfarin rose from 13 to 95%7o (Figure 3 
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I lecular weight of albumin was assumed to be 69,000 (11) .
To determine the degree of bag binding, we carried out the experiments with concentrations of warfarin ranging from 6 to 2,420 tmoles per L in the absence of protein (Figure 4) . A linear relationship was found between the amount of warfarin added to the dialysis system and the amount bound to the bags. The percentage of warfarin bound to the dialysis bags was 3.8%o at 3°C and 3.6%o at 270 C. Results at 30 C (left) and 270 C (right). = molar ratio of warfarin sodium bound to albumin; ji/A = v divided by the molar concentration of free warfarin at equilibrium. (13) .
The reversibility of the interaction was evaluated at equilibrium by replacing the warfarincontaining buffer outside the bag with fresh buffer containing no warfarin. In all instances equilibrium was established at a lower concentration, indicating the reversible nature of the binding process. Because the experiments were carried out under equilibrium conditions and the interaction was reversible, the data could be evaluated by thermodynamic techniques. The standard free energy of binding (AF0) for the first binding site was calculated for the four temperatures at which the interaction was studied. As shown in Table II , AF0 ranged from -6.54 kcal per mole at 30 C to -7.01 kcal per mole at 370 C. The standard enthalpy change (AHU) for the interaction, determined from a van't Hoff plot, was -3.48 kcal per mole, and the entropy change (AS) for the interaction was + 11.2 entropy units. Thus, 53%o of the AF came from the favorable enthalpy change and 47%o from the entropy change. To evaluate the binding sites of the albumin molecule for saturation, the average moles of warfarin bound per moles of albumin (v) were plotted, both linearly and logarithmi- cally, as a function of free warfarin at equilibrium ( Figure 6 ). Neither plot of the data showed evidence of saturation (a plateau parallel to the abscissa); v continued to rise significantly at even the highest concentrations of free warfarin. Discussion The exclusive binding of warfarin sodium to the albumin fraction of the plasma proteins made it rational to study the interaction of the drug with pure albumin in an equilibrium dialysis system (14) . The extensive aqueous solubility of warfarin sodium allowed its use in high concentrations and the achievement of large molar ratios of bound warfarin to albumin. With most pharmacologic and physiologic substances studied by equilibrium dialysis, there has been significant binding to the cellophane dialysis bags (15) . In the present study correction for binding of warfarin to the dialysis bags was made by calculating the bag binding curve rather than by the less accurate direct comparison method (16) . In analyzing the data we made no corrections for electrostatic interaction, since warfarin is a weak anion (17) and its only ionic structure is the enolate group (6). Such corrections were also omitted in other studies of albumin-anion interactions in which strong ionic groups were present, such as the sulfate group of methyl orange or azosulfathiazole (18) .
No attempt was made to analyze the second or higher classes of binding sites present on the albumin molecule as these interactions occur only with concentrations of warfarin considerably higher than those found clinically (1), nor was a subtraction made for the influence of these binding sites, since it is possible that they contribute to binding even at the low concentrations of warfarin found clinically. Hence, the extrapolations to the i/A axis of Figure 5 would represent the sum of all the association constants (kn) present. The second or higher classes of binding sites contribute less than 5%o to the total binding. Because saturation of albumin binding sites has never been experimentally observed with warfarin or any ligand, it may be meaningless to talk about specific classes of binding sites per se (8, 19) . It would appear that the very act of complex formation with anions makes more sites available for further binding (8, 19) .
The value for the apparent association constant was highest at the lowest temperature, 30 C, and then showed a significant decrease with each increment in temperature. At 370 C the value was nearly half that at 30 C. The decrease in the binding strength of albumin for warfarin with increasing temperature is characteristic of exothermic reactions (10) . Similar decreases have been demonstrated with thyroxine (20) , in hapten-antibody reactions (21) , in insulin-antibody reactions (22) , and with the penicillin derivatives methicillin and oxacillin (23) . The free energy decrement for the interaction ranged between 6.5 and 7.0 kcal per mole of warfarin. This magnitude of -AF for an interaction with albumin was larger than that for most pharmacologic agents (24) or for peptide hydrogen bond formation (25) and was comparable to that of some antigen-antibody reactions (21) . The negative sign for AF0 means that the binding process under these conditions was spontaneous. AH was also negative, signifying that the binding process was exothermic and that the strength of the association would decrease with an increase in temperature. The AS, or disorder factor of the thermodynamic changes, was positive, a finding reported for all albumin-anion interactions (21) .
The surprising factor in the thermodynamic changes for the warfarin-albumin interaction was the large contribution to the -AF by the negative AH (53%). If the nature of the interaction were largely electrostatic, that is, if the anionic parts of the warfarin molecule combined with the cationic parts of the albumin molecule, the main source of the -AF would have been a large positive AS with very little contribution from the AH factor (19) . Studies on the interaction between strongly ionized azo dyes and albumin have shown that the binding is mainly electrostatic and results chiefly from a large positive AS (25) . When the interaction of a weakly ionized azo dye (26) and an un-ionized azo dye (27) was studied, the contributions of AH (53%) and AS (47%o) to the favorable -AF in both studies were nearly equal, as was found in this study. These findings suggest that a significant portion of the binding energy of the warfarinalbumin interaction is derived from nonionic sources.
It can be postulated that at low values of v the interaction of albumin and warfarin sodium is mainly electrostatic and that the source of -AF is the positive AS of solvent release (25) . At higher concentrations of warfarin, the albumin binding sites may be formed by configurational change, in which unfolding of the peptide chains takes place with the breaking of hydrogen bonds (21) . This process would be an endothermic reaction and would give rise to a positive AH (28) . That a configurational change is important for albumin-anion binding has been shown by the markedly different magnitudes of AF for the stereoisomers of a ligand (21) and by direct evidence of configurational changes in the albumin molecule during the binding of azo dyes and detergents as measured by optical rotatory dispersion (29, 30) . The last stages of the binding process could involve the close-fitting of the albumin binding site to the warfarin molecule by means of hydrogen bonds (8) . This reaction would give rise to a large negative AH, as seen with the interaction of some haptens and their antibodies (31) . The summation of all the processes would be a relatively small but positive AS and a large negative AH. Although these interpretations are consistent with the data and with present theory, the thermodynamic changes could have been the result of interactions not yet known or could have occurred by a different sequence than stated above.
The exclusive binding of warfarin by albumin is not surprising since similarly complete binding by albumin has been established for most other drugs studied (14) . The therapeutic action of a drug often depends on its effective concentration, as well as on its intrinsic activity (32) . The effective concentration is the concentration of free drug, which for warfarin in human plasma and in 5% human plasma albumin is less than 5%o of the total warfarin present (33) . Binding to plasma albumin probably affects the duration and intensity of a drug's action and protects the body against the full pharmacologic effect of the drug by temporarily inactivating it in a circulating reservoir that is in equilibrium with the unbound, active form of the drug (7, 32) . If albumin binding did not occur, the unchanged drug would be cleared by glomerular filtration and by in vivo metabolism, and its pharmacologic effect would be shorter in duration (7) . Thus, the primary effect of the warfarin-albumin interaction would be the confining of the drug molecules within the vascular space in an inactive form, thereby hindering their access to the sites of drug action, excretion, and metabolism (14) . The strength of this binding process would explain why warfarin sodium does not enter red blood cells or cerebral spinal fluid, does not appear in the urine, and has a small volume of distribution that is identical to the albumin space (33) . The long half-life of warfarin in plasma and the long biologic effect are consistent with such a strong interaction (1). However, it is possible that a limited rate of drug metabolism may contribute not insignificantly to the long half-life.
A very significant correlation exists between the binding by serum albumin of plant phenols that uncouple oxidative phosphorylation and their binding by hepatic mitochondrial protein (34) . The coumarin anticoagulant drugs are plant phenols that uncouple oxidative phosphorylation, and their presumed site of action is the liver. Thus, the long biologic effect of warfarin may possibly be attributable to a long half-life of the drug in the environment of the mitochondria and a high degree of binding to mitochondrial protein.
